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Abstract

American eel Anguilla rostrata abundances have undergone significant declines over the last 50 years, and migra-

tion barriers have been recognized as a contributing cause. We evaluated eel abundances in headwater streams of
Shenandoah National Park, Virginia, to compare sites before and after the removal of a large downstream dam in
2004 (Embrey Dam, Rappahannock River). Eel abundances in headwater streams increased significantly after the
removal of Embrey Dam. Observed eel abundances after dam removal exceeded predictions derived from autoregres-
sive models parameterized with data prior to dam removal. Mann—Kendall analyses also revealed consistent increases
in eel abundances from 2004 to 2010 but inconsistent temporal trends before dam removal. Increasing eel numbers
could not be attributed to changes in local physical habitat (i.e., mean stream depth or substrate size) or regional
population dynamics (i.e., abundances in Maryland streams or Virginia estuaries). Dam removal was associated with
decreasing minimum eel lengths in headwater streams, suggesting that the dam previously impeded migration of
many small-bodied individuals (<300 mm TL). We hypothesize that restoring connectivity to headwater streams
could increase eel population growth rates by increasing female eel numbers and fecundity. This study demonstrated
that dams may influence eel abundances in headwater streams up to 150 river kilometers distant, and that dam

removal may provide benefits for eel management and conservation at the landscape scale.

American eels Anguilla rostrata exhibit complex life his-
tory strategies characterized by long-distance movements be-
tween marine habitats for spawning and freshwater habitats for
growth and development (Oliveira 1999). Historically, Ameri-
can eels were widespread throughout the rivers and estuaries of
North America’s Atlantic coast, but the construction of dams has
significantly reduced the amount of accessible habitat for diadro-
mous fishes such as eels (Busch et al. 1998). Significant declines
in American eel abundances (Haro et al. 2000; Fenske et al.
2011) have triggered new efforts for fishery management, in-

cluding new initiatives to improve fish passage (ASMFC 2000).
Dams were also recognized as a cause for recognizing American
eel as a species of special concern in Canada (COSEWIC 2006)
and for the U.S. Fish and Wildlife Service’s recent decision to
evaluate listing American eels as a threatened species under the
Endangered Species Act (USFWS 2011).

Although American eels are capable of passing some signifi-
cant natural barriers (e.g., the Great Falls of the Potomac River,
which has several consecutive falls >6 m), dams may limit the
upstream movement of eels such that eel numbers often decrease
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above dams (Goodwin et al. 1999; Machut et al. 2007) and in-
crease immediately below dams (Wiley et al. 2004; Machut
et al. 2007). Consequently, barriers may influence stream com-
munity composition and population dynamics in upstream and
downstream directions. Upstream of dams, decreased eel den-
sities may influence stream fish communities by removing a
native piscivore which could otherwise comprise over 25% of
the total fish biomass in streams (Smith and Saunders 1955;
Ogden 1970). Freshwater mussel distributions may also be lim-
ited through restrictions of the fish host movements that are
necessary for upstream dispersal of mussel glochidia (Williams
et al. 1993; Watters 1996). Downstream of dams, increased eel
densities may increase intraspecific competition and decrease
per capita growth rates (Machut et al. 2007). Reduced access
to headwater streams may also influence eel stock—recruitment
dynamics by decreasing the production of female eels (Krueger
and Oliveira 1999).

Dam removal has proven effective for restoring historical up-
stream migrations of diadromous salmonid and clupeid fishes
(Hill et al. 1996; Kiffney et al. 2009), but comparatively little is
known about American eel responses to dam removal. On one
hand, American eels have been observed upstream of dams that
are known to limit other migratory fishes (Busch et al. 1998),
suggesting that dam removal is relatively unimportant for eel
distributions. On the other hand, decreased eel abundances up-
stream from dams (Goodwin et al. 1999; Machut et al. 2007)
suggest that dams permit only a subset of the total migratory
population to move upstream. If true, partial barriers to migra-
tion could affect eel populations by influencing sex ratios and
fecundity. An understanding of the effects of dams could there-
fore inform conservation and restoration priorities for American
eels.

In this study, we used a 15-year data set to evaluate how
American eel populations in headwater streams responded to
the removal a large downstream dam on the Rappahannock
River in Virginia. Our objectives were twofold. First, we evalu-
ated temporal trends in American eel abundance, biomass, and
body size before and after dam removal. Second, we evaluated
evidence for competing hypotheses involving changes in local
physical habitats and population dynamics across larger spatial
scales. Our study provides the first analysis of American eel
responses to dam removal at the stream network scale (>100
river kilometers [rkm]).

METHODS

Study area—Embrey Dam was located near the fall line
on the Rappahannock River in Virginia, (Figure 1). Down-
stream of the dam site, the river is influenced by tidal flows
over the course of its 170-rkm distance to the Chesapeake Bay
(Figure 1). The dam spanned a width of 235 m and a height of
6.7 m and was constructed in 1910 for hydroelectric produc-
tion and municipal water supply, replacing a dam built in 1855
(Feeney 2004). On February 23, 2004, the U.S. Army Corps

of Engineers breached the dam. The dam removal was the re-
sult of many years of work by nonprofit organizations and city,
state, and federal government agencies. The dam removal was
intended to benefit anadromous clupeids (e.g., American shad
Alosa sapidissima) and striped bass Morone saxatilis as well
as catadromous American eels (A. Weaver, Virginia Depart-
ment of Game and Inland Fisheries, personal communication).
In addition to Embrey Dam, a small dam on the Thornton River
(Fletcher’s Mill Dam, ~1 m high) near the boundary of Shenan-
doah National Park (SNP) was removed in 2009 to promote
fish passage; however, it was not considered further because
preliminary analyses indicated no significant differences in eel
abundance between the Thornton watershed and other focal wa-
tersheds. We evaluated fish community and physical habitat data
from headwater streams in SNP (Figure 1) located between 118
and 150 rkm upstream from the former location of Embrey Dam
(Table 1).

Eel population analysis.—National Park Service personnel
sampled fish communities in 117 wadeable stream sites within
SNP annually from 1996 to 2010 (rarely excluding years; see
Table 1). Of these sites, 32 supported American eels during at
least one sampling event. We limited our analysis to 15 sites that
had >7 annual collections, including samples before and after
2004 (Figure 1; Table 1). Each site was delimited within stan-
dardized 100-m reaches, and fish communities were sampled
using standard three-pass backpack electrofishing techniques.
Individual eel abundances were recorded for each pass, and the
pooled weight of all eels and the minimum individual length
(TL) per site were recorded (Atkinson 2002). We estimated eel

TABLE 1. Attributes of sample sites within Shenandoah National Park. The
locations of the sites are shown in Figure 1; the watersheds correspond to those
in Figures 2—4.

Site Fluvial ~ Number of sample
elevation distance to years before and
Site Watershed (m) dam (km) after dam removal

1F003 Thornton 362 118 8,4
1F030 Thornton 352 119 7,4
1F145 Thornton 415 120 5,3
1FVA2 Thornton 382 120 7,4
1FVA3 Thornton 428 122 7,4
2F015 Rose 340 125 5,4
2F016 Rose 414 127 8,4
2F017 Rose 642 129 8,4
2F038 Hughes 293 121 8,4
2F039 Hughes 370 122 8,4
2F040 Hughes 402 123 8,4
2F072 Rapidan 316 146 6,5
2F093 Rapidan 285 145 8,7
2F135 Rapidan 412 148 8,5
2FVA4 Rapidan 507 150 7,7
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FIGURE 1. American eel distribution within Shenandoah National Park. The regional map indicates the former location of Embrey Dam on the Rappahannock
River (circle), the locations of Maryland control stream sites (squares), and the Rappahannock River watershed (cross hatches). Study estuaries are indicated for
the Rappahannock River (A), York River (B), and James River (C). Fluvial distances from the Embrey Dam site to Shenandoah National Park sample sites are
listed in Table 1.
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abundances within sampling reaches as the sum of eel counts
across passes and combined site-level data into four focal wa-
tersheds for analysis (Table 1). Each of the 15 SNP focal sites in
this analysis was located upstream from the Embrey Dam site.

We used time series analysis and nonparametric and para-
metric statistical tests to evaluate the effects of dam removal
on eel abundances in headwater streams. First, we used au-
toregressive integrated moving average (ARIMA) techniques
(Box et al. 2008) to derive a null model for expected eel abun-
dances in the absence of dam removal and to evaluate the signifi-
cance of observed changes in eel abundances after dam removal.
The ARIMA techniques were useful because preliminary analy-
ses revealed potential autocorrelation in eel abundances among
years and ARIMA models incorporate such temporal autocorre-
lation to forecast mean and variance of estimates (Zhang 2003).
We parameterized the null model using eel abundance data from
1996 to 2003 (i.e., before dam removal) to forecast abundances
from 2004 to 2010 (i.e., after dam removal). Best-fitting ARIMA
model parameters (number of autoregressive terms, number of
nonseasonal differences, and the number of lagged forecast er-
rors) were selected from the function “auto.arima” in the R
library “forecast.” We inferred the effects of dam removal based
on the departure of observed eel abundances after dam removal
from the 95% confidence intervals of the null model predic-
tions. Our analysis of predicted confidence intervals provided a
method to estimate the significance of temporal changes without
bias due to the nonindependence of residuals common to linear
modeling techniques (Box et al. 2008). Koutroumanidis et al.
(2006) used similar methods for analysis of fisheries catch rates.

Second, we used Mann—Kendall analysis (Mann 1945;
Kendall 1975) to evaluate temporal trends in eel abundances
among sites within three time periods: before dam removal
(1996-2003), after dam removal (2004-2010), and within the
entire period of record. The Mann—Kendall statistics provided a
nonparametric analysis of increasing and decreasing eel abun-
dances and ranged from —1 (decreasing trends) to + 1 (increas-
ing trends). We reported Mann—Kendall P-values as an index
of the relative strength of temporal trends but did not interpret
significance based on a critical « level because Mann—Kendall
P-values are biased by serial autocorrelation (Yue and Wang
2004). Instead, we reasoned that sites would tend to exhibit a
random distribution of increasing and decreasing abundances
prior to dam removal but would shift to increasing abundances
after 2004 if dam removal increased colonization rates. We also
plotted average minimum eel lengths and pooled biomass among
focal watersheds over time and estimated differences in pre- and
postdam mean conditions using ¢-tests.

Alternative hypotheses.—We considered local physical habi-
tat and regional population dynamics as alternatives to dam re-
moval to explain temporal changes in eel abundance, size, and
biomass. First, we quantified the interannual variation in sub-
strate size and stream depth within SNP sample sites as possible
confounding factors from dam removal. National Park Service
personnel collected physical habitat samples at three evenly

spaced points along 11 equidistant lateral transects within the
100 m reach. At each sample point, stream depth was recorded to
the nearest millimeter and the dominant substrate was recorded
as silt, sand, gravel, cobble, boulder, or bedrock (Wentworth
1922). To assess substrate size trends, substrate types were nu-
merically coded (i.e., silt = 0, sand = 1, etc.) to calculate mean
conditions (Bain and Stevenson 1999). American eels are typ-
ically associated with pools in lotic environments (Jenkins and
Burkhead 1994), and we assumed that changes in pool habi-
tat would be reflected by changes in mean stream depth and
substrate size over time.

Second, we evaluated eel abundances in additional streams
of the Chesapeake Bay region to control for the effects of dam
removal in the SNP sites. We reasoned that if oceanic-scale
processes were influencing headwater eel numbers (i.e., mass
effects; sensu Shmida and Wilson 1985), eel numbers would ex-
hibit similar trends outside the Rappahannock River watershed.
We examined eel time series data from the Maryland Biolog-
ical Stream Survey (MBSS). The MBSS fish community data
were collected by Maryland Department of Natural Resources
personnel annually from 2000 to 2010. Stream sites were sam-
pled using two-pass backpack electrofishing techniques during
summer base-flow conditions within blocknetted 75-m sample
reaches (MDNR 2010). We evaluated five sites that contained eel
records and were not separated from the ocean by dams. Sites
were located within watersheds of the lower Potomac River,
Pocomoke River, and Patuxent River in the southwestern por-
tion of the Chesapeake Bay (Figure 1). Mean stream widths
of the selected MBSS stream sites ranged from 1.7 to 6.6 m
(average = 3.8 m) and were located within 10 rkm of the tidal-
influence zone (Figure 1).

Third, we evaluated eel abundances within estuaries of the
Rappahannock River, York River, and James River (Figure 1) to
understand whether or not the Embrey Dam removal coincided
with unusually high or low rates of recruitment from marine
areas (i.e., mass effects). Estuary data were collected by the Vir-
ginia Institute of Marine Science using a trawl survey designed
to estimate the abundance of juvenile fish in the Virginia portion
of the Chesapeake Bay (Tuckey and Fabrizio 2010). The trawl
surveys sampled eel abundances within estuaries of the Rap-
pahannock River, York River, and James River during spring
months (April to June), and we evaluated annual data collected
between 1996 and 2010. Sampling was conducted monthly at
both fixed and randomly selected stations within each estuary.
The index for American eels is an annual weighted geometric
mean catch per tow of all eels greater than 152 mm TL (Tuckey
and Fabrizio 2010). All analyses were conducted in R version
2.13.1 (R Development Core Team 2011).

RESULTS

Mean American eel abundances within SNP watersheds in-
creased from 1.6 to 3.9 eels/100 m after the removal of Em-
brey Dam in 2004 (Table 2). Postdam eel abundances exceeded
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TABLE 2. Eel population attributes and environmental conditions in Shenandoah National Park watersheds pre- and postremoval of Embrey Dam. Values are
means, with SDs in parentheses. Differences between pre- and postdam means are indicated by different lowercase letters (7-tests assuming unequal variance)

using a Bonferroni correction for o = 0.05/5 = 0.01 (t = —2.79, P = 0.006). Sample sizes are listed in Table 1.

Eel abundance / Minimum total Pooled eel Mean stream Mean substrate
100 m length (mm) biomass (g) depth (m) size-class
Watershed Pre Post Pre Post Pre Post Pre Post Pre Post
Hughes 2.4 3.8 389 313 522 707 0.17 0.16 3.1 3.0
(1.3) 2.9) 96) (168) (321) (400) (0.02) (0.03) 0.4) 0.4)
Rapidan 14 4.7 452 226 783 819 0.18 0.21 3.2 3.1
0.7) “4.4) 52) (136) (282) 461) (0.02) (0.02) 0.3) 0.1)
Rose 0.6 2.3 545 323 725 335 0.13 0.18 3.1 3.0
(0.7) (L.7) (104) (160) (222) (293) (0.02) (0.03) (0.3) 0.2)
Thornton 2.0 4.2 368 234 538 520 0.11 0.10 2.9 2.5
(0.6) 3.6) 40) (78) (255) (205) (0.02) 0.01) 0.4) 0.3)
All 1.6y 39z 426 269 628 620 0.15 0.17 3.0 2.9
(1.6) 5.0) 96) (135) 287) (388) 0.04) (0.05) 0.3) 0.4)

ARIMA null model predictions for all focal watersheds
(Figure 2) and exhibited a time-lag response to dam removal:
observed abundances exceeded predicted values (>95% confi-
dence intervals) within 4 years after dam removal in the Hughes,
Rapidan, and Thornton River watersheds and within 2 years in
the Rose River watershed (Figure 2). Mann—Kendall analysis
supported the ARIMA model results, indicating nine sites (60%)
with decreasing abundance trends prior to dam removal (i.e.,
T < 0) but all sites with increasing abundance trends after dam
removal (r > 0) (Table 3). Analysis of the combined data set
(1996-2010) showed 13 sites with increasing trends and 2 sites
with decreasing trends in eel abundance (Table 3).

Headwater streams generally supported smaller eels after
dam removal than before dam removal (Figure 3; Table 2).
Prior to dam removal, average minimum eel lengths ranged
from 545 mm (Rose River watershed) to 368 mm (Thornton
River watershed); after dam removal, the range of average min-
imum total lengths dropped to between 323 mm (Rose River
watershed) and 226 mm (Rapidan River watershed) (Table 2).
Moreover, no eels less than 300 mm TL were detected in any
SNP watershed before 2004, but eels of that length were present
in each watershed after dam removal (Figure 3). Average total
eel biomass decreased on average from 401 g to 159 g after dam
removal (Table 2) but exhibited substantial spatial and temporal

TABLE 3. Mann—Kendall t-statistics for time series analysis of American eel abundances.
Before dam removal After dam removal Whole data set

Site T P T P T P
1F003 —0.189 0.612 0.667 0.308 0.469 0.045
1F030 —0.150 0.759 0.667 0.308 0.135 0.633
1F145 —0.738 0.130 0.816 1.000 —0.433 0.195
1FVA2 1.000 1.000 0.548 0.470 0.526 0.061
1FVA3 0.265 0.525 0.183 1.000 0.060 0.871
2F015 0.316 0.613 0.913 0.149 0.509 0.085
2F016 0.504 0.148 0.548 0.470 0.627 0.011
2F017 1.000 1.000 0.707 0.371 0.408 0.148
2F038 —0.390 0.272 0.913 0.149 0.116 0.670
2F039 —0.222 0.530 0.548 0.470 —0.032 0.944
2F040 0.197 0.605 0.548 0.470 0.201 0.430
2F072 1.000 1.000 0.632 0.289 0.426 0.155
2F093 —0.591 0.070 0.781 0.023 0.217 0.308
2F135 —0.321 0.385 0.800 0.086 0.530 0.019
2FVA4 —0.233 0.610 0.476 0.204 0.198 0.403
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FIGURE 2. Interannual variation in American eel abundance within Shenan-
doah National Park watersheds. Solid lines show the average observed abun-
dances within focal watersheds. Black dashed lines indicate the autoregressive
integrated moving average (ARIMA) model predictions for 2004—-2010 (param-
eterized from 1996 to 2003 data; see text). Gray dashed lines indicate the upper
and lower 95% confidence limits for mean predicted abundances. Sites within
watersheds are listed in Table 1.

variation (Figure 3). Although individual length data were not
available, the minimum length, total number of eels collected,
and biomass data indicate that eel abundances increased due
primarily to the immigration of eels <300 mm TL.

Mean depth and substrate size-classes were highly variable
across SNP watersheds and exhibited no significant differences
between pre- and postdam conditions (Table 2; Figure 4). Across
SNP watersheds, mean depths ranged from 0.04 to 0.20 m and
showed inconsistent temporal patterns (Figure 4). For instance,
2004 yielded some of the lowest mean depths in the Hughes
and Thornton River watersheds but the highest in the Rapidan
River watershed (Figure 4). Mean depths in the Rose River wa-
tershed showed an increasing trend (Figure 4) but increased by
only 0.05 m on average after dam removal (Table 2). Among
watersheds, mean substrate size ranged from approximately 2.5
to 3.5 across years, suggesting substrate fluctuations around
cobble-dominated systems (cobble = 3; Figure 4). Pre- ver-
sus postdam comparisons of mean substrate size-class within
watersheds indicated that substrate size has not changed in a
systematic direction (Table 2). It is therefore unlikely that phys-
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FIGURE 3. Interannual variation in American eel minimum total length (solid
line, left axis) and pooled biomass (dashed line, right axis) within Shenandoah
National Park watersheds. Sites within watersheds are listed in Table 1.

ical habitat changes could explain the observed increases in eel
abundance over time.

American eel abundances within Maryland streams and Vir-
ginia estuaries exhibited no distinct changes coincident with
dam removal on the Rappahannock River (Figure 5). Mean eel
abundances in Maryland streams ranged from 3.2 to 22.0 indi-
viduals/75 m between 2000 and 2010 and exhibited no consis-
tent increases after 2004 (Figure 5A). In contrast, estuarine eel
abundances generally decreased over time in the Rappahannock
River (Figure 5B) as well as in the York River (Figure 5C) and
James River (Figure 5D). It is therefore unlikely that oceanic-
scale dynamics could explain the observed population increases
in the Rappahannock River tributaries. Instead, we observed in-
creasing eel numbers in headwater streams despite decreasing
regional trends.
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FIGURE 4. Interannual variation in mean stream depth (solid line, left axis)
and substrate size-class (dashed line, right axis) within watersheds used for
American eel analysis in Shenandoah National Park. See text for substrate class
definitions.

DISCUSSION

Our study provides new inferences regarding the landscape-
level effects of dam removal. Prior studies have shown localized
effects of dam removal on fish populations, but our analysis is
the first to our knowledge to demonstrate such influences on fish
populations far upstream (i.e., 150 rkm). Our results also show
that the immigration of small-bodied individuals (<300 mm TL)
was primarily responsible for the observed increases in eel num-
bers. Although Embrey Dam did not prevent eel passage, our re-
sults indicate that it depressed eel abundances and altered eel size
structure within connected headwater catchments. The benefits
of dam removal may therefore extend far into headwater areas.

Although SNP sites showed increasing eel numbers over
time, total eel abundances remained relatively low. For instance,
Ogden (1970) reported that American eels were the most abun-

m £
ER
L @
= 0
% 8
2 5
S 5
oo
ml‘i!
=3 2000 2002 2004 2006 2008 2010
12 A f
10 |
: ®
d 4
T 24
£ 0-
@
g
c 9
g 4]
3 37
(1] 2
2 19
g 0-
2
@ 10
© 8-
w 6 —
4_
2_
0 -

T T
1990 1995 2000 2005 2010

FIGURE 5. Interannual variation in American eel abundances within (A)
Maryland nontidal wadeable streams and the estuaries of (B) the Rappahannock
River, (C) the York River, and (D) the James River, Virginia. Vertical dotted
lines indicate the year of dam removal on the Rappahannock River. In panel
(A), the horizontal dashed line indicates 2 SDs from the mean abundances (solid
line).

dant species in a New Jersey stream, comprising 20% of all
observed fishes (and 37% of biomass, second only to white
suckers Catostomus commersonii, at 47% of total biomass). In
contrast, eel numbers in the SNP study sites never exceeded 2%
of the total catch because fish assemblages were numerically
dominated by eastern blacknose dace Rhinichthys atratulus (up
to 52% of the total catch) and brook trout Salvelinus fontinalis
(up to 77% of the total catch) (J. E. B. Wofford, National Park
Service, unpublished data). Thus, we would expect eel abun-
dances to increase over the near term in SNP streams without
limitations due to intraspecific competition for food or micro-
habitats. Moreover, measures of regional connectivity are gen-
erally more powerful than local physical habitat variables for
modeling anguillid distributions and abundance (Smogor et al.
1995; Domingos et al. 2006).

Increasing eel abundances may influence stream fish commu-
nities by altering predation and competition pressures. Although
brook trout are currently the dominant piscivore in most SNP
streams, fish typically comprise a relatively small portion of
lotic brook trout diets (Reed and Bear 1966). As a result, in-
creasing eel numbers could affect the predation rates on benthic
fishes, which comprise the majority of American eel fish diets
(Ogden 1970). Such increased predation on benthic fishes may
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influence the top-down regulation of stream food webs (Power
et al. 1985), and thus migration barriers which reduced Ameri-
can eel numbers could have ecosystem-level consequences (e.g.,
Pringle 1997). However, such effects would take several years
to observe because American eels typically shift from inverte-
brates to fish and crayfish diets at approximately 400 mm TL
(Ogden 1970; Lookabaugh and Angermeier 1992) and small-
bodied eels were primarily responsible for the increased abun-
dances we observed. Moreover, because American eels spend
several years in freshwater habitats before their spawning out-
migration (i.e., 6-21 years; Jessop 2010), additional sampling
will be necessary to assess fish community responses to chang-
ing eel abundances.

Increasing the headwater stream abundances of American
eels could affect regional population dynamics because head-
water reaches provide vital habitats for the growth and devel-
opment of female eels. First, access to headwater streams could
increase per capita fecundity because American eel body sizes
typically increase with distance from the ocean (Lookabaugh
and Angermeier 1992; Smogor et al. 1995) and eel fecundity
increases with body size (Barbin and McCleave 1997). Second,
only female American eels are typically observed in headwa-
ter streams (Goodwin and Angermeier 2003), and so the rela-
tive abundance of females could increase if restored headwater
connectivity reduced the downstream crowding associated with
high abundances of male fish (Krueger and Oliveira 1999). Con-
servation and restoration efforts for American eels could there-
fore benefit by considering headwater connectivity as a possible
mechanism by which to increase eel numbers throughout their
range.

Dam removal presents several ecological trade-offs for con-
sideration in fisheries management. Over the short term, dam
removal may increase downstream sedimentation and decrease
water quality, but fish populations and communities may benefit
from increased abundance and resilience with restored stream
network connectivity (Bednarek 2001; Hart et al. 2002; Stanley
and Doyle 2003). In some cases, barriers may be used as a man-
agement tool to prevent the immigration of undesirable species
(Fausch et al. 2009). Although American eels are well known
for their long-distance catadromous migrations, barrier removal
could also benefit nondiadromous freshwater fishes by permit-
ting fish movement and recolonization within stream networks
(Winston et al. 1991; Catalano et al. 2007; Hitt and Angermeier
2008, 2011). Dams are ubiquitous in river systems worldwide
(Poff and Hart 2002), but the rate of dam removal is increas-
ing through time (Stanley and Doyle 2003) and our analysis
suggests that dam removal confers ecological benefits for fish
conservation and management across large spatial scales.
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